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Extinction pattern of reef ecosystems in latest Permian
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Studies of two Permian-Triassic boundary (PTB) sections on top of a Changhsingian reef in Ziyun,
Guizhou Province, southwestern China indicate that the end-Permian mass extinction of reef ecosystems occurred in two steps. The first step is the extinction of all stenotropic organisms such as calcisponges and fusulinids in the latest Permian (in the Clarkina yini conodont zone). The biota after the
first extinction is simple, comprising eurytropic organisms including microgastropods, ostracods, and
some small burrowing organisms, or only algal mats. At the beginning of the Early Triassic (i.e. the
beginning of the Hindeodus parvus zone), the environments became anoxic, and the microgastropod
dominated biota or algal mats disappeared, which constituted the second episode of the mass extinction. The biota after the second extinction comprises small spherical microproblematica, some kinds of
specialized organisms tolerant of anoxic or oxygen-poor conditions. As the environments became
oxygenated, the specialized biota was replaced by a microgastropod-dominated simple biota. When the
environmental conditions improved further, the simple biota was replaced by a diverse biota with normal-sized ammonoids, bivalves, and gastropods, representing restoration of normal oceanic conditions. Comparison with PTB sections in Dolomites, Italy and Meishan, Zhejiang Province shows that
non-reef ecosystems had a similar first episode of mass extinction in the latest Permian. In the case
that oceanic anoxia happened, non-reef ecosystems had a second extinction episode similar to that of
reef ecosystems.
end-Permian, reef, mass extinction, Guizhou, Permian-Triassic boundary

The largest mass extinction in the Phanerozoic occurred
in the latest Permian[1]. It killed more than 90% of marine species[2,3], 70% of terrestrial vertebrate genera[4],
most terrestrial plants[5,6], and all reef ecosystems[7,8].
Studies of extinction pattern began with non-reef marine ecosystems and terrestrial biota. Early studies were
conducted at such resolution as stratigraphic unit stage[9].
Biotic composition of latest Permian Changhsingian was
compared to that of lowest Triassic Griesbachian to look
for evolutionary messages. The progress in conodont
biostratigraphy in the 1990s brought about higher resolution in studies of P-T boundary strata. In the GSSP
section of the PTB in Meishan, Zhejiang Province, the
0.5 m interval from the top of Changhsingian to the bottom of Griesbachian was divided into four conodont
zones[10]: Clarkina yini, C. meishanensis, Hindeodus
typicalis, and H. parvus zones. This provides a high-
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resolution biostratigraphic framework for more detailed
study of P-T boundary strata, as well as pattern of the
mass extinction.
With the high-resolution conodont timing framework,
Jin et al.[11] systematically surveyed the species and
genera in Meishan and the nearby PTB sections, and
found that the mass extinction comprised one sudden
event at 251.4 Ma and the gradual decline in generic and
specific numbers in the following one Ma. Studies on
biomarkers[12] concluded that the mass extinction included more than one episode. Wang et al.[13] found that

1.2 Biostratigraphy

Figure 1 Location of the PTB sections in Ziyun.

1 Extinction pattern of the reef ecosystem at Gendan, Ziyun in latest Permian
1.1 Petrology of the section
The Gendan section, 2 km south of Ziyun town, is divided lithologically into five beds (Figure 2(a)). The
basal Bed 1 is a reef limestone, containing a diverse biota composed of calcareous sponges, bryozoans, echinoderms, fusulinids, brachiopods, bivalves, gastropods,
foraminifers and algae (Figure 3(a)). Mud cracks are
present in top of this bed[19].
Bed 2 is 2.4 m thick yellow, laminated dolomitic
mudstone, with algal laminar structure and various mud

The conodont Clarkina parasubcarinata (Mei et al.,
1998) (Figure 4(a)) is present at 1 m below the top of
Bed 1. The holotype of this conodont (Figure 4(b)) was
first reported from Beds 24d to 24e of Meishan section[20], and was regarded as an important component of
the Clarkina yini conodont zone. Mei et al. (1998) described Clarkina changxingensis yini (=Clarkina yini)
from the top of the Bed 21 they named (numbered
Mc-41, Mc-43). Yin et al. reported C. yini from Beds
24d to 24e of Meishan section (GSSP). So, Mei et al.’s
Bed 21 is biostratigraphically equal to Yin et al.’s Beds
24d to 24e. The specimens described by Mei et al. from
two beds were figured: those from Bed 14 and those
from top of Bed 21. The specimens from the latter were
used as holotype of this species, while those from Bed
14 cannot be assigned to this species. Both Clarkina
parasubcarinata and Clarkina yini occurred in the top of
Mei et al.’s Bed 21. Occurrence of Clarkina parasubcarinata in Bed 1 of Gendan indicates that our Bed 1 is
correlative to Beds 24d to 24e of Meishan section.
Conodont Hindeodus parvus (Figure 4(c)) occurs in Bed
3 of Gendan. It is a worldwide distributed species and its
first appearance has been defined as the beginning of the
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cracks (Figure 3(b)). No other fossils are present.
Bed 3 is 0.2 m thick black, dolomitic mudstone, with
flat laminar structure. Examination under ESM found
tiny (<5 μm), scattered pyrite framboids. The top 2 mm
of this bed consists of irregular pyrite aggregation. Pyrite crystals are generally cubic in form. The content of
pyrite declines downward from the bed top. This bed
contains abundant small (<15 μm) spherical microproblematica (Figure 3(c)), ostracods, and some thin-shelled
larger bivalves (up to 1 cm or more). Some spherical
microproblematica are elongate in form, and different in
size, generally below 0.25 mm in diameter. They were
generally filled by microspar. The ostracods are generally complete, and increase in abundance upward (Figure 3(d)).
Bed 4 is 3 mm thick bioclastic packstone (Figure
3(e)). The grains are microgastropods. They are commonly conic in form, generally 1 mm in size, with relatively thick walls. This bed does not contain pyrite, and
is light in color.
Bed 5 is 0.4 m thick grainstone. The grains are normal-sized (1―2 cm) ammonoid and bivalves shells. The
rock is generally reddish or brownish in color.

GEOLOGY

one bed had higher content of biomarker related to some
planktons and some special organisms. Discovery
of microbial deposits in the reef-related PTB sections
in Chongqing, Hubei, Guizhou, and Guangxi prov―
inces[14 18] indicates that the post-extinction oceanic
conditions are unusual.
Contrary to conspicuous progresses in study of extinction pattern of non-reef ecosystems, progress in
study of extinction pattern of reef ecosystems was slow.
One might ask whether the extinction of reef ecosystems
in latest Permian happened in one step or several steps?
Did the extinction of reef ecosystems happen before, or
after, or at the same time as non-reef ecosystems? In this
paper, two PTB sections on top of a typical Upper Permian Changhsingian reef in Ziyun, Guizhou Province
(Figure 1), at Gendan and Tanluzhai, were examined in
detail, with focus on biotic evolution.

Figure 2 Lithology and biotic evolution in PTB sections at Gendan (a) and Tanluzhai (b) in Ziyun, Guizhou Province, China. Event A is extinction of
stenotropic organisms (the first episode of mass extinction). Event B is extinction of most eurytropic organisms (the second extinction episode). Event C is
the replacement of specialized biota by simple biota. Event D is the replacement of simple biota by diverse marine biota.

Triassic System. Thus, the Permian-Triassic boundary in
Gendan section lies between Beds 2 and 3. Bed 3 of
Gendan is correlative to Beds 27c to 27d of Meishan
section. Consequently, Bed 2 of Gendan is correlative to
Beds 25 to 27b of Meishan.
1.3 Sedimentary environmental changes
Bed 1 of Gendan represents reef environments. Bed 2
has algal laminar structure and mud cracks, indicating
tidal-flat environments. The flat laminar structure in Bed
3 indicates all absence of bioturbation, burrowing organisms, as well as wave action. Tiny (<8 μm) pyrite
framboids have been regarded as indicator of anoxic
conditions[21]. Presence of abundant scattered tiny pyrite
framboids in Bed 3 indicates oceanic anoxia. Bed 4 is
light in color and contains no pyrite, representing oxy514

genated conditions. Bed 5 is brownish to reddish in color,
reflecting oxygenated environments.
1.4 Biotic evolution
The biota of Bed 1 is diverse. The presence of calcisponges and fusulinids indicates that it was a pre-extinction biota. Bed 2 contains a simple algal mat community.
The disappearance of calcisponges and fusulinids from
Bed 2 indicates that the mass extinction occurred between Beds 1 and 2. The simple biota of Bed 2 disappeared before deposition of Bed 3, which constitutes the
second episode of the mass extinction. The biota in Bed
3 is very simple, composed of small spherical microproblematica, some ostracods, and sparse thin-shelled
bivalves. The spherical microproblematica may be some
kind of bacteria adapted to anoxic condition. The thin-
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Figure 3 Microphotographs of thin sections from Gendan ((a)―(e)) and Tanluzhai sections ((f)―(l)) showing biotic evolution from diverse ((a), bottom
of (f)), to simple ((b), (g), (h), (i)), to specialized ((c), (d), (j), (k)), back to simple (upper of (k)), and finally moderately diverse (l). (a) Bed 1, arrow to
Colaniella; (b) Bed 2, showing algal laminar structure; (c) Bed 3, showing small spherical microproblematica; (d) top of Bed 3, showing ostracods; (e)
pyrite of top of Bed 3 and microgastropods of Bed 4; (f) Bed 1, showing erosional surface and calcisponges in reef rock; (g) Bed 2, showing ostracods; (h)
Bed 2, tidal flat deposits with microgastropods; (i) Bed 2, enlargement of microgastropods; (j) Bed 3, showing small spherical microproblematica; (k) Bed
3 (lower) and Bed 4 (upper), tidal-flat facies lime mudstone, with microgastropods; (l) Bed 5, showing ammonoids.

shelled bivalves may be floating in life. Some researchers found that, in latest Permian and earliest Triassic,
some ostracods were adapted to dysoxic condition[22].
Thus, ostracods in Bed 3 were adapted to dysoxic or

anoxic condition. The biota of Bed 4 is simple and is
dominated by microgastropods. There is no report that
microgastropods can live in anoxic condition. So, the
biota of Bed 4 lived in oxygenated environments. The
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Figure 4 Key conodonts from PTB section at Gendan, Ziyun, Guizhou Province. (a): Clarkina parasubcarinata, from 1 m below top of Bed 1 of Gendan.
(b): holotype of Clarkina parasubcarinata (Mei et al., 1998), from Beds 24d and 24e of Meishan section. (c): Hindeodus parvus, from Bed 3 of Gendan.

biota of Bed 5 comprises normal-sized marine organisms, indicating further restoration of marine ecosystems
under normal oceanic conditions.

2 Extinction pattern of the reef ecosystem at Tanluzhai in the latest Permian
The Tanluzhai section, 2 km east of Ziyun town, is divided into five beds lithologically (Figure 2(b)). The
basal Bed 1 is a gray massive reef limestone, composed
of bafflestone or framestone (Figure 3(f)). The
framestone of the top of this bed has multi-generation
calcite cements. This bed contain a diverse biota composed of reef-building calcareous sponges, hydrozoans,
bryozoans, echinoderms, brachiopods, foraminifers,
fusulinids, bivalves, gastropods, algae, Archaeolithoporella, Tubiphytes, and microproblematica. The calcisponges are diverse, including at least 8 species of inozoans and 2 species of sclerosponges (Bauneia, Reticulocoelia)[23]. The top surface of this bed is an erosional
surface, indicating subaerial exposure of deposits.
Bed 2 is 1.7 m thick brownish, partially dolomitized
lime mudstone, containing a simple biota of microgastropods, ostracods (Figure 3(g)―(i)), and abundant biotic burrows. The fabric and structure of deposits and
burrow type indicates that the sedimentary environments
of this bed might be tidal flat.
Bed 3 is 0.4 m thick black, dolomitic lime mudstone,
with developed flat laminated structure (Figure 3(j)),
reflecting absence of both bioturbation and wave action.
Examination under ESM found tiny pyrite framboids,
which is composed of cubic or octahedral tiny crystals
and indicates anoxic condition[21]. This bed contains
516

only small spherical microproblematica and some ostracods. The microproblematica are similar to those in
Bed 3 of Gendan section in shape and size.
Bed 4 is 0.1 m thick brownish lime mudstone, and
contains microgastropods and small biotic burrows. No
pyrite has been found from this bed, which indicates that
the sedimentary environment was oxygenated. This bed
is similar to Bed 2 in lithology and biotic (Figure 3(k)).
Bed 5 is brownish to reddish packstone and grainstone, containing a moderately diverse biota of abundant
normal-sized ammonoids and gastropods (Figure 3(l)).
Tanluzhai section is less than 3 km away from Gendan section. Both of these two sections have a darkcolored, anoxic bed of similar thickness. Thus, these two
sections are correlative. The Permian-Triassic boundary
in Tanluzhai section lies between Beds 2 and 3. Beds
1―5 of Tanluzhai section are correlative to Beds 1―5
of Gendan section.
Bed 1 of Gendan contains a diverse biota. The presence of reef-building calcisponges in this biota indicates
that it is a pre-extinction biota. The disappearance of
calcisponges and other stenotropic organisms from Bed
2 indicates that the first episode of mass extinction happened before the deposition of Bed 2. The biota of Bed 2
was simple, composed of microgastropods, ostracods
and small biotic burrows. This simple biota disappeared
before the deposition of Bed 3, constituting the second
extinction episode in this section. The biota in Bed 3
was simpler, composed of small spherical microproblematica. The microproblematica are interpreted as being adapted to anoxic condition. The sedimentary environment of Bed 4 became oxygenated, and the biota re-
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3 Discussion
3.1 Extinction pattern of reef ecosystems in Ziyun in
latest Permian
Examination of two PTB sections in Ziyun shows that
the mass extinction of reef ecosystems in the latest Permian happened in two steps. In the first step, all stenotropic organisms including reef-building calcisponges
and fusulinids became extinct. The following biota was
simple, composed of microgastropods, ostracods, and
many small unknown biotic burrows, or of tidal-flat algal mats. The extinction of this simple biota caused by
development of oceanic anoxia was the second episode
of the mass extinction. The following biota was adapted
to anoxic condition, composed of small spherical microproblematica, ostracods, and some floating bivalves. In
both Gendan and Tanluzhai sections, there is no obvious
change in lithology from Bed 2 to Bed 3. However, the
rock color changed: the color of Bed 2 is light, while
that of Bed 3 is dark. The development of oceanic anoxia as indicated by dark rock color and presence of pyrite framboids was responsible for the extinction of the
microgastropod biota.
Algal mats represent restricted environments, and
generally unstable tidal-flat environments. Even unstable in temperatures and salinity, tidal-flat environments
are generally oxygenated. Anoxic condition is deathful
to most organisms. Only some specialized organisms
can be adapted to anoxic environments. In the PTB section studied by Wignall and Hallam[24], the organisms
living in dysoxic oceans were Lingula and Claraia. With
the development of anoxic condition, the extinction of
algal mats and microgastropods are expectable. During
the P-T transition, oceanic anoxia developed in many
―
places[25 29], making up a significant oceanic crisis. So,
the extinction caused by the anoxic event is regarded as
a minor episode of the mass extinction.
As the environments became oxygenated, the biota
restored to the level before the anoxic event. When the
oceanic conditions became normal, a diverse biota containing normal-sized ammonoids and gastropods appeared.

ARTICLES

The two sections show that: (1) The mass extinction
of reef ecosystems in the latest Permian consists of more
than one episode; (2) The restoration of marine ecosystems in the earliest Triassic consists of more than one
step, too; (3) The first and biggest episode of extinction
of reef ecosystems happened in the latest Permian, being
some distance below the P-T boundary; (4) The happening of the second episode of the mass extinction was
caused by oceanic anoxia; (5) It was not a long time before the restoration of marine conditions to normal and
of biota to diverse.
3.2 Significance of the PTB sections in Ziyun
In China, the study of reefs began from the 1960s. The
study of Changhsingian reefs cannot avoid discussing
the P-T boundary. However, since these studies did not
aim at P-T boundary, their studies on P-T boundary did
not have a resolution as high as those orienting to P-T
boundary.
.
On the other hand, the study of P-T boundary is constrained by the level in study of the conodonts from the
PTB sections. In the later 1990s, studies on the conodonts from the GSSP of PTB, Meishan section, and from
the candidates Shangsi section in Sichuan, Selong sec―
tion in Tibet made substantial progresse[20,30 33], resulting in the establishment of the standard conodont zones
for the P-T boundary strata[8,34]. The high-resolution
biostratigraphic framework makes it possible to carry
out high-resolution multiple disciplinary studies on P-T
boundary strata.
The known occurrence of Changhsingian reefs was
mostly in China. Other places with Changhsingian reefs
include Skyros Island[35]. In China, the earliest studied
Changhsingian reef is in Lichuan, Hubei Province[36].
However, the P-T boundary in this reef section has not
been thoroughly studied. This reef did not last into latest
Permian[19]: it was covered by late Changhsingian lagoonal deposits. The later discovered Changhsingian
reef at Laolongdong, near Chongqing City, however,
was more thoroughly studied by more researchers[37,38].
An early study by Reinhardt[37] on this reef involved the
sedimentology of the PTB interval and revealed evidence for tidal-flat environments. In his section, however, the Changhsingian reef was covered by latest
Changhsingian lagoonal deposits. Another shortcoming
is that his study did not include conodont biostratigraphy.
Fan and Wu made a systematic study on a Changhsingain reef section 500 m from Reinhardt’s[39]. However,
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stored to that of Bed 2, which was composed of microgastropods, ostracods, and small biotic burrows. The
biota of Bed 5 was composed of normal marine organisms, indicating restoration of normal oceanic conditions.

the Changhsingian reef in this section did not grow to
the end of the Permian Period. It was covered by 26.3 m
of platform facies packstone and wackestone. In more
resent years, many researchers made studies on the P-T
―
boundary interval[40 43]. In the PTB sections at
Laolongdong and Baizhuyuan studied by Kershaw et
al.[14,15], the interval between Changhsingian reef and
P-T boundary is crinoidal limestone: the Changhsingian
reef did not grow to the happening of the mass extinction. The big progress made by them is the discovery of
(?)microbialites[14,15], a mysterious dendroid structure
within the rock. Up to now, its features and origin remains open. The Changhsingian reef in Skyros Island
did not grow to latest Permian, too. It was capped by an
interval of shale[35].
3.3 Comparison with extinction of non-reef ecosystems
In China, the most studied non-reef PTB section is in
Meishan, Zhejiang Province. Jin et al.[11] found that the
mass extinction in Meishan section consists of one main
episode at 251.4 Ma[44] (in Beds 25 and 26) and the
gradual decline of the survived taxa in the following one
Ma. In other words, the extinction in Meishan contains
one main episode. Xie et al.[12] found that the content of
the biomarker related to cynobacteria has two peak
valves in Beds 25 to 26 and Beds 28 to 29, respectively.
The flourishing of cyanobacteria might be related to the
unusual environment following the main episode of the
mass extinction. Xie et al.’s study indicates that there
may be two extinction episodes in Meishan: one at below Bed 25 (within Bed 24e) and the other at below Bed
28 (within Bed 27) respectively.
Yang et al.[45] studied 14 non-reef PTB sections in
South China, and found that an “extinction line” is present in dozens of centimeters to several meters below the
P-T boundary. Most stenotropic benthic organisms became extinction at this line. Within the interval from the
extinction line to the P-T boundary, the biota was monotonous, and was dominated by small brachiopods. It is
obvious that this extinction line represents the first and
main episode of extinction of non-reef ecosystems. Unfortunately, Yang et al.’s studies do not have conodont
framework.
In Meishan section[46], fusulinids were present till
middle Bed 24e. So, in our opinion, the first episode,
and the main episode of extinction in Meishan happened
at the middle of Bed 24e, that is, within the conodont
518

Clarkina yini zone. The sparse brachiopods and ammonoids in Bed 26[46] should be survivors. It is unknown
if there was the second episode in Meishan.
The extinction of reef ecosystems in Ziyun consists of
two episodes. The first main episode happened within C.
yini zone, and is characterized by disappearance of all
stenotropic organisms. The pattern and timing of this
episode are similar to those of Meishan. Some researchers proposed that the extinction of reef ecosystems predated that of non-reef ecosystems[47]. This study, however, does not support this viewpoint. The second extinction episode in Ziyun happened at the base of
Hindeodus parvus zone, and was related to oceanic anoxic event. Probably because anoxic event in Meishan
happened in different patterns and different time, the
second extinction episode of Ziyun does not have counterpart in Meishan.
A typical PTB section is at Tesero of Dolomites, Italy.
According to Noé[48] and Wignall et al.[24], in this section,
the pre-extinction biota is platform facies, diverse, containing 36 species. Most of them (72% species), especially fusulinids, disappeared at 2.2 m below the P-T
boundary, which constitutes the first episode of the extinction. The survived biota was low-diversity, composed of sparse foraminifers and algae. The second extinction episode happened at the base of Hindeodus
parvus zone, where most taxa became extinct. Only
some ostracods survived the second crisis. The mass
extinction in Ziyun is similar to that in Tesero section in
that both had two episodes, and in the timing of the second episode, and the types of the organisms that became
extinct. The second extinction episode in Tesero also
happened at the base of H. parvus zone, and seemed to
be caused by oceanic anoxia.
The Changhsingian deposits in Ursula Creek, British
Columbia are deep-water facies[49]. The first extinction
episode in this section happened at 1.6 m below the P-T
boundary, characterized by the disappearance of all
stenotropic radiolarians. Benthic siliceous sponges became extinct at 0.8 m below the P-T boundary, which
constitutes the second extinction episode. Oceanic anoxia began at 0.8 m below the P-T boundary, too. In the
PTB section at Jameson Land, eastern Greenland[50], the
extinction of stenotropic organisms happened several
meters below the P-T boundary, with eurytropic small
organisms such as microgastropods survived. These
cases show that in the latest Permian, the mass extinction of reef ecosystems happened in a way similar to that
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4 Conclusions
Based on the examination of two reef related P-T
boundary sections in Ziyun, Guizhou Province, southwestern China and comparison with extinction ways of
several non-reef PTB sections in other places, the following conclusions can be drawn.
The mass extinction of reef ecosystems in the latest
Permian consists of two episodes. The first and the main
episode is the extinction of all stenotropic organisms
such as reef-building calcisponges and fusulinids in
Clarkina yini zone. The following biota was simple,
low-diversity, and was composed of microgastropods,
some small burrowing organisms, and some ostracods,
or only algal mats. The extinction of this simple biota at
the base of Hindeodus parvus zone, probably caused by
oceanic anoxia, made up the second extinction episode.
The following biota was very simple, adapted to anoxic
environment, and was composed of some unknown
1

Erwin D H. The Permo-Triassic extinction. Nature, 1994, 367:

11

231―236
2

near the Permian–Triassic boundary in South China. Science, 2000,

Raup D M. Size of the Permian-Triassic bottleneck and its evolutionary implications. Science, 1979, 206: 217―218

3

289: 432―436
12

Erwin D H. The Great Paleozoic Crisis: Life and Death in the Permian.

5

Smith R M H, Ward P D. Pattern of vertebrate extinctions across an

2005, 434: 494―497

event bed at the Permian-Triassic boundary in the Karoo Basin of

Wang C J, Liu Y M, Liu H X, et al. Geochemical significance of the
relative enrichment of pristine and the negative excursion of δ13Cpr

13

South Africa. Geology, 2001, 29: 1147―1150

across the Permian-Triassic boundary at Meishan, China. Chin Sci
Bull, 2005, 50(19): 2213―2225

Retallack G J. Permian-Triassic life crisis on land. Science, 1995, 267:
14

77―80
6

Permian-Triassic boundary in South China, and its palaeoenviron-

record of ecological crisis and recovery across the Permian-Triassic

mental significance. Palaeogeogr Palaeocli Palaeoecol, 1999,

Weidlich O, Kiessling W, Flugel E. Permian-Triassic boundary in-

146(1-4): 1―18
15

tion. Facies, 2002, 47: 83―89

atmospheric oxygen drop. Geology, 2003, 31(11): 961―964

9

Wu Y S. Conodonts, Reef Evolution and mass Extinction Across the

16

Ezaki Y, Liu J B, Adachi N. Earliest Triassic microbialite micro- to

Permian-Triassic Boundary. Beijing: Geological Publishing House,

megastructures in the Huaying area of Sichuan Province,South China:

2005. 1―90

implications for the nature of oceanic conditions after the end-Permian extinction. Palaios, 2003, 18: 388―402

Yang Z Y, Yin H F, Wu S B, et al. Permian-Triassic Boundary Stratigraphy and Fauna of South China. Beijing: Geological Publishing

17

significance. Chin Sci Bull, 2005, 50 (7): 665―671

Yin H F, Zhang K X, Tong J N, et al. The global stratotype section and
point (GSSP) of the Permian-Triassic boundary. Episodes, 2001, 24(2):
102―114

Wang Y B, Tong J N, Wang J S, et al. Calcimicrobialite after endPermian mass extinction in South China and its palaeoenvironmental

House, 1987. 147―359
10

Kershaw S, Guo L, Swift A, et al. Microbialites in the Permian-Triassic boundary interval in Central China: Structure, age and distribu-

terval as a model for forcing marine ecosystem collapse by long- term
8

Kershaw S, Zhang T S, Lan G Z. A ?microbialite carbonate crust at the

Eshet Y, Rampino M R, Visscher H. Fungal event and palynological
boundary. Geology, 1995, 23: 967―970

7

Xie S C, Pancost R D, Yin H F, et al. Two episodes of microbial
change coupled with Permo/Triassic faunal mass extinction. Nature,

New York: Columbia University Press, 1993. 1―327
4

Jin Y G, Wang Y, Wang W, et al. Pattern of marine mass extinction

18

Lehrmann D J. Early Triassic calcimicrobial mounds and biostromes
of the Nanpanjiang Basin, south China. Geology, 1999, 27: 359―362

WU YaSheng et al. Chinese Science Bulletin | February 2007 | vol. 52 | no. 4 | 512-520

519

ARTICLES

small spherical microproblematica, some ostracods, and
some thin-shelled bivalves that were probably neustons.
As the environment became oxygenated, the specialized
biota was replaced by a simple biota dominated by microgastropods, which marked the beginning of the improvement of oceanic conditions. After that, with the
further improvement of physical-chemical conditions of
oceans, the simple biota was replaced by a more or less
diverse biota composed of normal-sized ammonoids,
bivalves, and gastropods, reflecting restoration of normal marine ecosystems.
Non-reef ecosystems that did not experience oceanic
anoxia had the first extinction similar to that of reef
ecosystems in terms of timing of extinction and type of
organisms that became extinct: both happened in Clarkina yini zone; both were extinction of stenotropic organisms. Reef ecosystems had a second extinction episode
related to oceanic anoxia. Non-reef ecosystems that encountered oceanic anoxia had the second extinction episode, too. However, to those non-reef ecosystems that
did not encounter oceanic anoxia, the second extinction
episode was not obvious, or not present.

GEOLOGY

of non-reef ecosystems encountering oceanic anoxia.
The non-reef ecosystems that did not encounter oceanic
anoxia, however, seemed not to have an obvious second
extinction episode.

19

Wu Y S, Fan J S. Quantitative evaluation of the sea-level drop at the
end-Permian: based on reefs. Acta Geol Sin, 2003, 77(1): 95―102

20

24 (2): 102―114
35

and Sichuan (China): implications for the Late Permian extinction

Mei S L, Zhang K X, Wardlaw B R. A refined succession of Changh-

event. Palaios, 1989, 4: 502―518

singian and Griesbachian neogondolellid conodonts from the Meishan
section, candidate of the global stratotype section and point of the

36

Fan J S, Zhang W, Ma X, et al. The Upper Permian reefs in Lichuan

37

Reinhardt J W. Uppermost Permian reefs and Permo-Triassic sedi-

district, west Hubei. Sci Geol Sin, 1982(3): 274―282

Permian-Triassic boundary. Palaeogeogr Paleocli Paleoecol, 1998,
143: 213―226
21

Planet Sci Lett, 1997, 148: 517―525
22

mentary facies from the southeastern margin of Sichuan Basin, China.

Wilkin R T, Arthur M A, Dean W E. History of water-column anoxia
in the Black Sea indicated by pyrite framboid size distributions. Earth

Facies, 1988, 18: 231―288
38

H. eds. Fossil and Recent Sponges. Berlin Heidelberg: Springer-

mian-Triassic boundary interval of South China (Huaying Mountains,
laeogeogr Palaeocli Palaeoecol, 2005, 217 (1-2): 131―141
23
24

Wignall P B, Hallam A. Anoxia as a cause of the Permo-Triassic mass
extinction: facies evidence from northern Italy and the western United
States. Palaeogeogr, Palaeocli, Palaeoecol, 1992, 93(1-2): 21―46

25

Verlag, 1991. 456―464
39

Petroleum. Beijing: China Ocean Press, 1996. 170―244
40
41

27

Wignall P B, Newton R, Brookfield M E. Pyrite framboid evidence for

40: 155―183
42

Wang S H, Qiang Z T. Upper Permian Jianshuigou reef in Huaying

43

Lehrmann D J, Payne J L, Felix S V, et al. Permian-Triassic boundary

mountains, Sichuan. Oil and Gas Geology, 1992, 13(2): 147―154

oxygen-poor deposition during the Permian-Triassic crisis in Kashmir.

sections from shallow-marine carbonate platforms of the Nanpanjiang

Palaeogeogr Palaeocli Palaeoecol, 2005, 216(3-4): 183―188

Basin, south China: Implications for oceanic conditions associated

Isozaki Y. Permo-Triassic boundary superanoxia and stratified su-

with the end-Permian extinction and its aftermath. Palaios, 2003, 18
(2): 138―152

perocean: records from lost deep sea. Science, 1997, 276: 235―238
28

Yin H F, Tong J N. Multidisciplinary high-resolution correlation of the

44

1039―1044

143: 199―212
Twitchett R J, Krystyn L, Baud A, et al. Rapid marine recovery after

45

Yang Z Y, Wu S B, Yang F Q, et al. Permo-Triassic Events of South

46

Yin H F, Wu X B, Ding M H, et al. The Meishan section, candidate of

China. Beijing: Geological Publishing House, 1991. 1―190

the end-Permian mass extinction event in the absence of marine anoxia. Geology, 2004, 32(9): 805―808
30

the Global Stratotype section and point of Permian-Triassic boundary.

Yao J X, Li Z S. Permo-Triassic conodonts and the Permian-Triassic

In: Yin H F, ed. The Palaeozoic-Mesozoic Boundary Candidates of the

boundary of Selong, Nielamu County, Tibet, China. Chin Sci Bull,

Global Stratotype Section and Point of the Permian-Triassic Boundary.

1987, 32 (1): 45―51
31

Mei S L. Restudy of conodonts from the Permian-Triassic boundary
beds at Selong and Meishan and the natural Permian-Triassic bound-

Wuhan: China University of Geosciences Press, 1996. 31―48
47

Sun Yunshu: Palaeontology and Stratigraphy. Wuhan: China University of Geosciences Press, 1996. 141―148

33

Zhejiang Province. Acta Paleont Sin, 2002, 40(2); 244―251
48

lerophon Formation, Tesero Horizon). Facies, 1987, 16: 89―142
49

Upper Permian and Lower Triassic of South Tibet and British Co-

global correlation of Permian-Triassic boundary in the Meishan sec-

lumbia: Evidence for a diachronous mass extinction. Palaios, 2003, 18

20 (6): 669―676

520

Wignall P B, Newton R. Contrasting deep-water records from the

Zhang K X, Lai X L, Ding M H, et al. Conodont sequence and its
tion, Changxing, Zhejiang Province. Earth Science(in Chinese), 1995,

34

Noé S U. Facies and paleogeography of the marine Upper Permian
and of the Permian-Triassic boundary in the Southern Alps (Bel-

Wang C Y. Conodonts of Permian-Triassic boundary beds and biostratigraphic boundary. Acta Palaeont Sin, 1995, 34 (2): 129―151

Wang Y, Cao C Q, Jin Y G. Analysis of the confidence intervals of
marine fossils aroud the Permian-Triassic boundary in Meishan,

ary, In: Wang H, Wang X, eds. Centennial Memorial Volume of Prof.

32

Bowring S A, Erwin D H, Jin Y G, et al. U/Pb zircon geochronology
and tempo of the end-Permian mass extinction. Science, 1998, 280:

Permian-Triassic boundary. Palaeogeogr Palaeocli, Palaeoecol, 1998,
29

Wang S H, Rigby J K. The Permian reefs in Ziyun County, southern
Guizhou, China. Brigham Young University Geology Studies, 1994,

Event. Science, 2005, 307: 706―709
26

Wignall P B, Hallam A. Facies change and the end-Permian mass extinction in S.E. Sichuan, China. Palaios, 1996, 11: 587―596

Grice K, Cao C Q, Love G D, et al. Turgeon, S., Dunning, W., Jin, Y.
G., Photic Zone Euxinia During the Permian-Triassic Superanoxic

Fan J S, Yang W R, Wen C F, et al. Permian reef of Laolongdong,
Chongqing, Sichuan Province. In: Fan J S, ed. Reefs in China and

Wu Y S. Organisms and Communities of Permian Reefs, Xiangbo,
China. Beijing: International Academic Publisher, 1991. 1―192

Reinhardt J W. Eastern Tethyan sponge buildups at the close of the
Paleozoic (Uppermost Permian, Sichuan/China). In: Reitner J, Keupp

Crasquin-Soleau S, Kershaw S. Ostracod fauna from the Pereastern Sichuan Province), palaeoenvironmental significance. Pa-

Flügel E, Reinhardt J. Uppermost Permian reefs in Skyros (Greece)

(2): 153―167
50

Twitchett R J, Looy C V, Morante R, et al. Rapid and synchronous

Yin H F, Zhang K X, Tong J N, et al. The Global Stratotype Section

collapse of marine and terrestrial ecosystems during the end-Permian

and Point (GSSP) of the Permian-Triassic Boundary. Episodes, 2001,

biotic crisis. Geology, 2001, 29(4): 351―354

WU YaSheng et al. Chinese Science Bulletin | February 2007 | vol. 52 | no. 4 | 512-520

